The surface tension of some high-carbon alcohol aqueous solutions increases as the temperature rises above a certain temperature. There have been attempts to use such special solutions in thermal devices to promote heat transfer. In this study, the authors analyzed the temperature dependence of surface tension of these solutions to investigate this peculiar characteristic in detail. The test fluids were butanol and pentanol aqueous solutions as peculiar solutions, while pure water and ethanol aqueous solution were normal fluids. First, the authors adopted Wilhelmy's method to measure the surface tension during heating, but found that the influence of evaporation of the solution could not be completely eliminated. In this study, the maximum bubble pressure method was employed, which made it possible to isolate the measured solution from ambient air and eliminate the influence of evaporation of the solution. The authors succeeded in measuring the temperature dependence of surface tension, and obtained more reasonable data.
Introduction
Research and development pertaining to the cooling of heat-emitting devices, e.g., optical components such as lasers and CPUs in PCs, is needed to meet their thermal requirements. In particular, the control of fluid flow and heat transfer inside fluid channels at a mm or µm scale, is considered to be important for cooling devices. Many innovative studies have been reported, as reviewed by Kandlikar (1) , Thome (2) and Cheng and Wu (3) . It is concluded that the role of surface tension of the working fluid in mini or micro scale channels is more significant than in large scale channels. In normal fluids, the surface tension decreases as its temperature increases. However, Vochten and Petre (4) found that in aqueous solutions of some alcohols such as butanol and pentanol, the surface tension increased as the temperature rose above a critical temperature. Thereafter, the behavior of fluids with this special characteristic (named "nonlinear thermocapillary" in this paper) has been investigated by many researchers (5) - (8) .
However, the temperature dependence of nonlinear thermocapillary solutions has not been completely measured and it is little publicized except for Vochten's paper (4) . One reason is that it is somewhat difficult to reproduce Vochten's data technically, because the procedure requires careful handling and heating of the solution. The other reason is that in their paper the measured values of a solution of single particular concentration was normalized and plotted, so that it does not allow simple and clear comparison with other researchers' data. Moreover, in their study the concentration dependence was not investigated. The detailed investigation of concentration dependence is one of the aims of this study. The authors first adopted Wilhelmy's method and measured surface tension during heating. However, this method requires a hole in the container's lid for hanging a wire, so that the vapor of the test fluid can escape from the container, thereby decreasing its concentration and affecting the measured value when the test fluid is an alcohol aqueous solution. After detecting this problem, the authors decided to adopt the maximum bubble pressure method, as an alternative to solve it (9)(10) . Figure 1 shows a schematic diagram of measurement setup of the maximum bubble pressure method. The basic principle of the measuring technique is found in many reference books (11) (12) . A fine capillary tube is immersed in the test fluid, and the air is pushed into the tube from the rear end. Thus, small semi-spherical bubble is generated at the tube end immersed in the fluid. This method utilizes the inner pressure at the instant when the bubble is detached out of the capillary tube. Figure 2 shows the pressure balance among atmospheric pressure, fluid static pressure, and the head difference in the manometer. When the tube end is located at h 1 , i.e., below the fluid free surface, and the curvature radius of the bubble is R, the pressure inside the bubble p(R) can be expressed using the following equation, because p(R) is equal to the pressure of the air between the bubble and the manometer. The third term on the right-hand side of eq. (1) is Laplace pressure caused by surface tension. On the other hand, using the manometer reading h 2 , the following equation can be obtained.
Methods

Maximum Bubble Pressure Method
( 2 )
Combining eqs (1) and (2), the expression for surface tension can be deduced as follows.
( 3 )
Whenever static balance is achieved, eq.(3) is satisfied. Because pressure increment is imposed inside the manometer, the radius R of the bubble decreases and its minimum value is achieved when the bubble radius becomes equal to the tube's inner radius R 0 . Then, the bubble radius again increases; however, in most cases, the bubble detaches from the tube as soon as the radius increases. When the bubble radius is minimum, Laplace pressure becomes maximum. Thus, surface tension can be deduced from eq.(3) using the pressure balance at this instance. In this study, the following equation was used to obtain the surface tension value.
( 4 )
A 32 (mm) long glass tube with an inner diameter of 0.20 (mm) and outer diameter of 0.68 (mm), was used as the capillary tube. The tube was a special one for biological science use with high precision. The precision of the diameter value was 0.01 (mm). The tube was connected to a U-shaped manometer, which measures the pressure of the inner air. By adding a small drop of pure water into the manometer, the pressure of the inner air was raised, and the air was gradually pushed into the test liquid. At the instant when the bubble detaches from the capillary tube, the maximum pressure can be measured using the head difference in the U-shaped manometer. It is because the bubble radius becomes nearly equal to the tube inner radius at the bubble detachment as shown later in section 3.1.
As fluid inside the manometer, pure water was used because of the simplicity and readiness in handling it, and because of the fact that the alcohol aqueous solutions in low concentration here have nearly the same density value as that of pure water. The related consideration will be discussed in section 3.3.
The test fluid was held in a glass container with an inner diameter of 60 (mm), and
bottom of the container was heated. The glass container was covered with the holder and the lid, which were made of an insulating material. The capillary tube and thermocouple were attached to the lid and inserted into the test fluid. The lid prohibits the vapor from escaping the container. In these experiments, to maintain the atmospheric pressure, the lid has a small vinyl balloon to absorb the volume expansion of the gas phase inside the container. The fluid temperature was slowly increased from room temperature at increments of 5 Centigrade. After confirming that the temperature was constant and steady, the temperature measurement was conducted.
Here, the measured value differs slightly from the surface tension in chemical thermodynamics. The exact surface tension should be at the free surface between the solution and its vapor phase in equilibrium. In Fig.1 , the gas inside the capillary tube and manometer tube was air. The gas could contain vapor from the heated solution, but the partial pressure of the vapor phase was not controlled. To obtain a more exact value of surface tension, the partial pressure equilibrium of the evaporated alcohol has to be achieved at the temperature of the solution.
The method here is a static procedure using the maximum bubble pressure methods. A dynamic procedure exists and a measuring equipment for the dynamic method is commercially available. However, in this study, the static procedure was adopted as a basic technique.
The test fluids used in this study are 1-butanol aqueous solution, 1-pentanol aqueous solution, ethanol aqueous solution, and pure water. Moreover, pure 1-butanol and 1-pentanol are analyzed for comparison. Henceforth, 1-butanol and 1-pentanol are referred as only butanol and pentanol.
Wilhelmy's Method
Wilhelmy's method was employed to obtain data, and they were compared with those by the maximum bubble pressure method. The measuring technique in this study is already explained in Ono et al (14) . The outline of the apparatus for Wilhelmy's method is shown in Fig.3 . In this study, the force due to surface tension was measured at the instant when the platinum plate was detached from the liquid. This method requires a hole. Therefore, the influence of evaporation of the solution cannot be eliminated in this method. 
Results
Bubble observation
As stated in section 2.1, small drops of pure water were added into the U-shaped manometer of the apparatus employing the maximum bubble pressure method. In order to Vol. 4, No. 2, 2009 prove eq.(4), it is important to ensure that the bubble radius at the instant when the bubble detaches from the capillary tube is equal to the tube's inner radius. Fig.4 shows the measured head difference when a small droplet of pure water was added repeatedly into the manometer, while measuring surface tension of pure water. When the 7th droplet was added, the bubble detached from the tube end. Fig.5(a) shows the bubble shape after the 6th droplet was added. The bubble was stable at the tube end, and the shape was nearly semi-spherical, indicating that the bubble radius was nearly equal to the inner radius of the tube. Therefore, eq.(4) can be used to deduce the surface tension value. Fig.5(b) shows the status when the bubble was already detached after adding the 7th droplet. The bubble disappeared and a refreshed air-liquid interface could be observed. 
Comparison with Wilhelmy's method
In Fig.6 , the data for pure water obtained by Wilhelmy's method and the maximum bubble pressure method are compared. In the figure, "wilhelmy" means data obtained by Wilhelmy's method, and "bubble" means that obtained by the maximum bubble pressure method. Note, that these notations are identical in all the following figures. In case of pure water, the evaporation of pure water has no influence on the measured values even in Wilhelmy's method, because the concentration does not matter. According to Fig.6 , the data measured by the static maximum bubble pressure method agrees well with those obtained by Wilhelmy's method.
Moreover, those data obtained by the maximum bubble pressure method were compared with the publicized JSME data (15) small. The above two comparisons confirm that this maximum bubble pressure method is sufficiently valid. Figure 7 shows the measured data for butanol aqueous solution, pentanol aqueous solution, and ethanol aqueous solution, and each of which have representative alcohol concentrations. The data obtained by the maximum bubble pressure method and by Wilhelmy's method are compared in the figure. The peculiar behavior, namely, the tendency that the surface tension increases above a critical temperature as the temperature is seen for butanol and pentanol aqueous solutions. The data obtained by the maximum bubble pressure method shows a smaller increase as the temperature is raised. This is attributed to the elimination of escaping vapor in the maximum bubble pressure method. It was found that the influence of escaping vapor on the alcohol concentration in Wilhelmy's method, which was employed in the previous study was not negligible, and that the maximum bubble pressure method used in this study served in successfully preventing this problem. The authors are of the view that more reliable data were obtained in this study. Figure 8 shows the measured results for butanol aqueous solutions. As the temperature increased, surface tension of most butanol solutions decreased till an approximate temperature of 60 Centigrade. Above 60 Centigrade, surface tension started increasing. At Vol. 4, No. 2, 2009 higher concentrations, the absolute value of surface tension was lower, and the nonlinearity was larger. Figure 8 includes results for pure butanol, which is referred to as butanol. As expected, surface tension of butanol monotonically decreased as it was heated. This tendency differs significantly from that of aqueous solutions. Figure 9 shows the data for pentanol aqueous solutions. The overall tendency is similar to that of butanol aqueous solutions. As the temperature was increased, surface tension of butanol aqueous solutions started increasing at temperatures above 60 Centigrade, as shown in Fig.8 , while for pentanol solutions the increase was observed at 55 Centigrade and above, as shown in Fig.9 . Figure 10 shows the result for ethanol aqueous solutions. All the lines tended to decrease monotonically as the temperature increased. However, surface tension value remained constant or increased slightly above 75 Centigrade. The authors are of the view that this could be because of the instability caused by boiling, since the boiling point of the ethanol aqueous solutions is about 80 Centigrade.
Concentration dependence
About the error of the data in Figs. 8, 9 and 10, the validity in employing eq. (4) is an important issue. Eq.(4) assumes the density values of test fluid and pure water in manometer are equal, although the difference in actual measurement could cause small error in the deduced surface tension value. However, from estimation of the real density difference, the errors were 1.6 % in butanol 7.15 wt% solution, and 0.4 % in pentanol 2.0 wt% solution, respectively. The error values are thought to be small to the aim of the study. On the other hand, in the case of ethanol solution, the error was 14.6 % in ethanol 55wt % solution. This indicates that the absolute values of the data of ethanol solutions in high concentration include some amount of error and it should be noted. Figure 11 shows slightly exceptional data when the alcohol concentration is extremely small. When the concentration of butanol aqueous solution is 0.1 wt%, the surface tension decreased as the temperature increased, and the surface tension value was 61 mN/m at around 75 Centigrade. Thereafter, rather than increasing, it decreased further, contrary to the tendency observed at other concentrations. Similarly, when the concentration of pentanol aqueous solution was 0.1 wt%, the surface tension decreased as the temperature increased; later, it was nearly constant at around 58 mN/m at about 55 Centigrade. At higher temperatures, it did not increase, but decreased further, thereby exhibiting a behavior similar to that of 0.1 wt% of butanol aqueous solution.
Data in very small concentrations
These exceptional results for concentrations as small as 0.1 wt% need further investigation. One possible reason would be that the influence of alcohol evaporation from the small volume of fluid between the fluid free surface and the container lid still existed. In these measurements, the volume between the fluid free surface and container lid was small, and the vapor did not escape into open air. But, when the concentration is as small as 0.1 wt%, the influence would not be negligible in terms of the bulk concentration change. 
Discussion
As shown in Fig.7 , the maximum bubble pressure method gave milder nonlinearity for the surface tension of butanol and pentanol aqueous solutions. The authors were of the view that because the maximum bubble pressure method encloses the test fluid and vapor, the error caused by changes in concentration due to species evaporation was minimized to a great extent. This condition is very different from that employed in Wilhelmy's method. Moreover, in Wilhelmy's method, the condensed fluid from vapor phase could sometimes stick to the platinum plate and wire, giving a false addition to the measured value. The maximum bubble pressure method is devoid of these problems. The authors are of the view that the maximum bubble pressure method and procedure used in this study gave more reasonable and reliable values.
7.15 wt% is the solubility of butanol in pure water at room temperature, and 2.0 wt% is that of pentanol in pure water at room temperature. The surface tension of pure water is very sensitive to the addition of these alcohols. At solubility concentrations, the surface tension value of the aqueous solutions approached that of pure alcohols at low temperature, as shown in Figs.8 and 9 .
The surface tension of pentanol solutions had stronger nonlinearity than that of butanol solutions, as indicated on comparing Figs.8 and 9. In that sense, pentanol is a more efficient additive for obtaining a strong nonlinearity of surface tension. This tendency is also suggested from Vochten's paper (4) . As the number of carbon atoms in the alcohol increases, the solubility in pure water drastically decreases. Therefore, it can be concluded that it will be technically difficult to prepare a mixture of pure water and a much higher carbon alcohol, and to use it in a practical application, although a higher carbon alcohol than pentanol would give a much stronger nonlinearity. Moreover, as shown in Figs.8 and 9 , when the alcohol concentration was very small, it becomes complicated to confirm nonlinearity in measurements. Ethanol aqueous solutions was different in their temperature dependence, as shown in Fig.10 . 55 wt% is not the solubility concentration. If the concentration of ethanol was increased further, the line would approach that of pure ethanol.
The authors have also been doing research on flow boiling in mini-tubes using butanol and pentanol aqueous solution as working fluids in small mass flow rates (13) (14) . First, they expected that these peculiar fluids could delay the onset of dryout in the experiments. However, the results did not show a delaying effect by using those fluids. This result is one of the motives for the present measurements. Based on the measured data obtained by Wilhelmy's method, the authors first assumed there would be a significant effect delaying dryout in flow boiling experiments. However, based on the results in Figs.8 and 9, the nonlinearity was found to be milder than the data obtained by Wilhelmy's method. This mild temperature dependence could be one reason why the effect to the dryout delaying was not detected clearly. To clarify the merit in dryout delaying in flow boiling, it would be necessary to devise another way to use the fluids, or a different concept of flow system.
Summary
(1)To analyze a peculiar temperature dependence of surface tension of butanol and pentanol aqueous solutions, a static maximum bubble pressure method was adopted and measurements were performed.
(2)The measurements revealed the nonlinearity of surface tension of those solutions and gave more reliable data than by Wilhelmy's method, which the authors had previously adopted.
(3)The nonlinearity of those solutions measured by the maximum bubble pressure method was milder than by Wilhelmy's method. (4)The nonlineariy of pentanol aqueous solution was larger than that of butanol aqueous solution.
For a future study, because the addition of metallic nano-sized particles to the above solutions was found to increase the nonlinearity of the surface tension (16) , detailed measurements of mixed solutions are planned using the maximum bubble pressure method.
